Adult tissue stem cells can serve two broad functions: to participate actively in the maintenance and regeneration of a tissue or to wait in reserve and participate only when activated from a dormant state. The adult olfactory epithelium, a site for ongoing, life-long, robust neurogenesis, contains both of these functional stem cell types. Globose basal cells (GBCs) act as the active stem cell population and can give rise to all the differentiated cells found in the normal tissue. Horizontal basal cells (HBCs) act as reserve stem cells and remain dormant unless activated by tissue injury. Here we show that HBC activation following injury by the olfactotoxic gas methyl bromide is coincident with the downregulation of protein 63 (p63) but anticipates HBC proliferation. Gain-and loss-of-function studies show that this down-regulation of p63 is necessary and sufficient for HBC activation. Moreover, activated HBCs give rise to GBCs that persist for months and continue to act as bona fide stem cells by participating in tissue maintenance and regeneration over the long term. Our analysis provides mechanistic insight into the dynamics between tissue stem cell subtypes and demonstrates that p63 regulates the reserve state but not the stem cell status of HBCs.
reserve stem cell | colony-forming unit | retroviral transduction | neural regeneration | lineage tracing S tem cells harvested from adult tissues are a promising source of material for use in regenerative medicine if they can be appropriately identified and manipulated. Recent studies in a wide range of adult tissues, including the lining of the gastrointestinal tract, the adult and embryonic CNS, the hematopoietic elements of bone marrow, and the olfactory epithelium (OE), which is the neuroepithelium within the lining of the nasal cavity that subserves odorant transduction, have yielded a somewhat unexpected result: Multiple molecularly and morphologically distinct cell types within a tissue have the capacity to function as stem cells and satisfy even the most stringent criteria of stemness (1) (2) (3) (4) (5) (6) (7) . Broadly, these populations can be functionally distinguished as active (participating in routine tissue maintenance) and reserve (dormant under normal circumstances but capable of activation by injury to participate in tissue regeneration) (8) (9) (10) .
The OE provides a unique system to study the dynamics between active and reserve stem cells. The extensive neurogenic and regenerative capacity of the OE in both rodents and humans persists throughout adult life and is unmatched elsewhere in the nervous system (11) (12) (13) (14) . The two populations of stem cells that are present in the OE fit the active-quiescent dichotomy described above. The active population, globose basal cells (GBCs), constitutes a heterogeneous set of ostensibly lineage-committed and uncommitted progenitor cells that normally persist throughout adult life (6, 15, 16) . GBCs are unique to the OE, identifiable at early stages of embryonic development, and are functionally and molecularly homologous to the embryonic olfactory placode progenitor cells (17) (18) (19) . In contrast, the dormant population, horizontal basal cells (HBCs), which share molecular and morphological similarities with basal cells in other tissues, first appear perinatally at a time when the architecture and cellular constituents of the OE are fully formed (20, 21) . HBCs very rarely contribute to cellular maintenance in undamaged tissue, even in the face of accelerated neuronal turnover, but can become activated by severe and direct injury to the epithelium and thereby give rise to all the cellular components of the OE during regeneration (7) .
The transcription factor protein 63 ( p63) is expressed in the basal stem cell populations of stratified epithelia such as the epidermis, and p63-knockout mice fail to form stratified epithelia altogether (22, 23) . Cell-autonomous, conditional ablation of p63 causes cell death, senescence, spontaneous differentiation, or robust mitotic amplification depending on the cell type and mutated isoform (24) (25) (26) (27) . Because of the complexity of the p63 gene, which encodes six potential isoforms, and the large number of putative target genes, a wide array of functions has been attributed to this transcription factor including the generation, maintenance, selfrenewal, proliferation, and differentiation of stem cells as well as both tumor-suppressor and oncogenic roles. Because many of these processes would be mutually exclusive within a given cell population, it is most likely that p63 operates in a highly contextdependent manner as a pivotal switch in a variety of processes
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Harnessing the inherent capability of stem cells to maintain and regenerate injured tissues is a prerequisite for their use in mending damage to the nervous system. In the olfactory epithelium stem cells accomplish neurogenesis and epithelial repair throughout life to an extent not seen elsewhere in the nervous system. Here we show that the transcription factor protein 63 (p63) is a master regulator of the transition from the reserve to the active stem cell pool in the epithelium. Loss of p63 expression in reserve basal cells is necessary and sufficient for activation, without compromising stem cell status. Identification of this central mechanism provides a target for stem cell activation in this uniquely accessible source of patientspecific, neurogenic stem cells.
including cell adhesion, cell-cycle regulation, and cell-signaling pathways known to regulate stem cell function.
During embryonic development, olfactory placodal-like progenitors and GBCs express p63 in the perinatal period before giving rise to HBCs. By adulthood, p63 (specifically, the isoform lacking the N-terminal trans-activation domain, ΔNp63) is expressed exclusively in mature HBCs. Genetic knockout of p63 results in an OE in which HBCs do not differentiate but that appears otherwise normal at the light and electron microscopic level (20) . This effect is in stark contrast to the knockout of p63 in other stratified epithelial tissues, which do not form in mutant animals (22, 23) . Moreover, HBC activation following injury is accompanied by p63 down-regulation (20) , and conditional knockout (cKO) of p63 results in the spontaneous differentiation of HBCs (28) . In one interpretation of these data, p63 is essential for the self-renewal of the stem cell population in the OE. However, this interpretation does not take into account several features unique to olfactory epithelial maintenance, namely, a subset of GBCs are likely to be stem cells (6, 15) , activated HBCs must transition through a GBC stage during regeneration (7), and HBCs are largely dispensable in both the embryonic generation and in the adult maintenance of the OE (7, 20) . To define the role of p63 in the dynamics of the cellular context in the OE, a more thorough analysis of the transitions between active and reserve stem cells is necessary. Here, we use transplantation, gain and loss of function, and a variety of lesion models in vivo to define the timing and nature of HBC dynamics. Our data demonstrate that p63 preserves the pool of reserve HBCs in the OE but does not maintain stemness per se and also highlight the contribution of the GBC population to long-term epithelial homeostasis.
Results p63 Down-Regulation Anticipates Proliferation of Activated HBCs.
To analyze the role of p63 in the dynamics of HBC activation, we first sought to describe the timeline of p63 protein down-regulation after unilateral exposure to the olfactotoxic gas methyl bromide (MeBr), which causes activation of HBCs (7). By comparing the lesioned side and the unlesioned side, we found that p63 levels are maximally reduced in cytokeratin 5/cytokeratin 14 (K5/K14)-expressing HBCs at 18 h post lesion (hpl) both by immunohistochemistry and flow cytometric analysis ( Fig. 1 A and D-F); it is worth noting that the spread of labeling intensities observed with flow cytometric analysis is broader at 18 hpl than in the unlesioned control ( Fig. 1 E and F) . By 24 hpl the K14 + population begins to bifurcate; in a few cells p63 levels have recovered to normal or nearly normal, but in others p63 has disappeared entirely (Fig. 1B) . The segregation of K14
+ cells into two populations of different p63 staining intensities is strikingly pronounced by 3 d post lesion (dpl) (Fig. 1 C and G) . The overall decline in p63 expression over the first 24 hpl also is observed in both quantitative RT-PCR and Western blot assays ( Fig. 1 H and I) . The decline in protein levels revealed by immunohistochemistry or by flow cytometry precedes the drop in p63 transcript level that is revealed by the quantitative RT-PCR analysis. By 24 hpl the drop in p63 expression is associated with a conspicuous simplification of HBC morphology and elimination of the extensive processes that normally characterize them ( Fig.  1 B and J). Down-regulation of p63 occurs significantly earlier than the proliferative burst of HBCs, which previously has been associated with activation (7). K14 + or CD54 + HBCs are first labeled by the expression of Ki67, a marker of active cell cycling, at 24 hpl ( Fig. S1 A-C), and mitotic rates peak at 3 dpl [phosphohistone H3 (pH3) staining] (Fig. S1 D-F) . Moreover, both p63 + and p63 − cells are labeled by 5-ethynyl-2'-deoxyuridine (EdU) incorporation with a similar time course after lesion, indicating that the lack of p63 expression, in and of itself, does not correlate with active cell cycling ( Fig. S1 G-N ).
An in Vivo cfu Assay Identifies Activated HBCs and Correlates with
p63 Down-Regulation. We have demonstrated previously that, in contrast to GBCs, HBCs isolated from normal, intact OE do not engraft and do not participate in epitheliopoiesis after transplantation into MeBr-lesioned OE (6) . In accordance with the expectation that multipotency after transplantation is a hallmark of active, but not of dormant, stem cells, we transplanted an equal number of labeled HBCs harvested from uninjured mice or mice killed 18 h after MeBr exposure. HBCs were labeled by injecting mice bearing the K5.CreER T2 driver and the R26R(TdTomato) reporter (abbreviated KT) with 300 mg/kg tamoxifen 2 wk before harvesting. Tamoxifen treatment resulted in TdTomato expression in 75 ± 17% of HBCs and their progeny. Because the uninjured OE contains one or more multipotent stem cell populations capable of engrafting and participating in epithelial regeneration, we mixed the KT donor cells with cells from the olfactory mucosa of an unlesioned β-Actin.GFP (BACT.GFP) mouse (in which GFP is constitutively expressed by a chicken β-actin/CMV promoterdriven transgene) (6) to serve as a positive control (Fig. S2) .
After transplantation of TdTomato-labeled HBCs from unlesioned OE, we observed only 17 ± 4 engrafted clusters per host animal (n = 3) (Fig. 2A) . These clusters were relatively small with an average of 2.2 ± 0.5 cells per cluster (Fig. 2B) . Of the 52 clusters, 23 (44%) contained only HBCs as identified by morphology and K14 or CD54 staining ( Fig. 2 C and E) ; 15 clusters (29%) contained only apical supporting cells, as identified by morphology and intense sex-determining region Y-box 2 (Sox2) staining ( Fig. 2 C and F) ; and six clusters (12%) contained basal cells and supporting cells (Fig. 2C) . Only three clusters (6%) contained neurons, and of those only one cluster (2%) was found to contain olfactory sensory neurons (OSNs) and supporting cells (Fig. 2C) . These results are in contrast to the BACT.GFP + control cells, which engrafted and gave rise to many simple (consisting of one cell type) and complex (containing more than one cell type) clusters (Fig. S3) .
The relative paucity of graft-derived clusters following transplantation of HBCs from the intact OE of unlesioned mice stands in marked contrast to the results obtained when labeled HBCs were transplanted from the OE of mice killed 18 hpl. In the latter case, transplant efficiency, as measured by engraftment, exhibited a 30-fold increase, with 585 ± 48 TdTomato + clusters observed per host animal (n = 3) compared with 17 ± 4 clusters per animal from unlesioned HBCs (Fig. 2A) . The size of these clusters is more than an order of magnitude larger on average than the normal HBC grafts (27.4 ± 8.3 cells per cluster vs. 2.2 ± 0.5 cells per cluster) (Fig. 2B) . The 18-hpl-derived clusters included simple colonies consisting of only neurons or only supporting cells as well as significantly more complex colonies, which included combinations of neurons, HBCs, GBCs, supporting cells, and/or Bowman's duct/gland cells (D/Gs) (P < 0.0001, χ 2 with Yates' correction) ( Fig. 2 C, D , and G-I). Thus, activated HBCs can be identified by their ability to engraft and their multipotency coincident with the maximal down-regulation of p63 in HBCs.
Down-Regulation of p63 Is Necessary for HBC Activation. To test the functional significance of p63 down-regulation after injury, we expressed ΔNp63α in the dividing cells of the OE 24 hpl by intranasal infusion of the murine stem cell virus (MSCV)-ΔNp63α-internal ribosome entry site (IRES)-GFP (MIG-p63) retroviral vector to transduce infected cells and their progeny (Fig. 3A) . At this time point (24 hpl), the majority (81%) of proliferating, Ki67
+ cells are CD54 − , and they are more superficial and accessible to viruses following intranasal infusion, suggesting that most, but not all, infected cells are CD54 − GBCs (Fig. S4) . MIG-p63-transduced progenitor cells gave rise to much smaller clones compared with the MSCV-IRES-GFP (MIG) control (9.3 ± 2.6 vs. 77 ± 8.3 cells per clone, P < 0.0001, Mann-Whitney u test = 472.5, two tailed, n = 3) (Fig. 3B) . Of the MIG-p63 clones, 74% were composed of basal cells only. Upon closer examination, we found that all the analyzed basal cells were immunopositive for HBC markers such as K14 and CD54 and were protein gene product 9.5-negative (PGP9.5 − ) (Fig. 3 C and D) . On the other hand, MIG-transduced clones were heterogeneous and included both simple and complex clones (Fig. 3 E and F) . When all cell types were grouped independently of clone of origin, a similar pattern emerged: MIG-p63-infected clones rarely differentiate into sensory neurons (11% of progeny compared with 65% in MIG-derived cells) or sustentacular (Sus) cells (4% vs. 11%), whereas MIG-transduced clones reflect the full plastic heterogeneity of proliferating cells at 24 hpl, consistent with past data using retroviral lineage tracing after MeBr lesion in rats (Fig. 3G) (29) . These findings demonstrate that p63 expression inhibits HBC activation and promotes maintenance of an HBC phenotype and/or its adoption by GBCs, indicating that p63 down-regulation is necessary for HBC activation.
Down-Regulation of p63 Is Sufficient for HBC Activation. To determine whether p63 down-regulation is sufficient for HBC activation in the absence of injury, we used mice homozygous for the p63 fl/fl allele and bearing the K5.CreER T2 driver (K5.CreER T2 > p63 fl/fl ) to accomplish cKO of p63 in HBCs of the unlesioned OE. Recombination events were traced using either LacZ [R26R(LacZ)] or TdTomato [R26R(TdT)] reporter transgenic strains, depending on technical convenience for immunostaining purposes. In accordance with prior findings (28), we found that 91 ± 2.1% of the reporter-labeled p63 fl/fl cells no longer had HBC morphology and were K14 − , consistent with HBC activation (Fig. 4 A-C) . All the labeled p63 fl/fl cells that were K14
+ (a small minority at 9%) also were immunopositive for p63, indicating incomplete recombination of all three alleles in HBCs following tamoxifen treatment (Fig. 4I) . Consistent with past studies, the cells that derived from p63 fl/fl HBCs included differentiated sensory neurons, GBCs, and rare Sus cells (Fig. 4 D-H) . We also observed other HBC-derived cells that have not been reported previously. A significant proportion of X-Gal + cells (2.7 ± 0.9%) were constituents of morphologically identifiable Bowman's D/G units, indicating that HBCs can readily differentiate along this lineage to contribute to Bowman's D/G units in the context of an otherwise unmanipulated OE (Fig. 4G) . We also investigated the identity of the apical, nonneuronal, X-Gal + cells, and found that many of them stain positive for the microvillar cell marker TrpM5 (transient receptor potential cation channel, subfamily M, member 5) (Fig. 4H) . It is noteworthy that the cell types generated following HBC activation include nonneuronal cells, in contrast to the descendants of NeuroD1 + GBCs (29) . Thus, it is likely that the persistent GBCs generated by activated HBCs belong to a more upstream GBC subpopulation, such as the Paired box 6 (Pax6)/Sox2 + and/or Ascl1 + cells, which have been shown to be multipotent by retroviral and transplantation analysis (6, 17, 18, (30) (31) (32) .
Finally, in addition to the findings in the p63 fl/fl animals, we found that after tamoxifen administration the incidence of markerpositive/K14
− non-HBCs was significantly higher in p63 fl/+ animals than in WT p63 +/+ mice (14.3 ± 3.6% vs. 0.88 ± 0.5%, P < 0.0001, Kruskal-Wallis K = 23.47, n = 3) (Fig. 4C) . The haploinsufficiency seen with p63 heterozygosity is further evidence that the effect of p63 in the OE is dose dependent, as was previously demonstrated in the developing HBCs of the perinatal OE (20) . Taken together, the results of p63 cKO indicate that cell-autonomous loss of p63 is sufficient for HBC activation in a dose-dependent manner even in the absence of tissue injury.
Activated HBCs Give Rise to Persistent, Multipotent GBCs. Past studies have demonstrated that activated HBCs give rise to GBCs when they participate in tissue regeneration, but it is unclear whether the HBC-derived GBCs function as transient progenitors or assume a persistently active stem cell state (7, 28) .
Published data indicate that GBCs of the normal OE constitute a heterogeneous population, which includes relatively quiescent, long-lived stem cells (GBC Q ), dividing, Sox2/Pax6 + multipotent progenitors (GBC MPP ), rapidly dividing transit-amplifying cells (GBC TA ), and immediate neuronal progenitors (GBC INP ) (17, 18, (31) (32) (33) . The similarity of the composition of the HBC-derived clones at 4 d and 4 wk after recombination and p63 deletion suggests that the GBCs function similarly over that time period (Fig. S5) .
To analyze the several GBC subtypes, we labeled proliferating GBCs by injecting EdU 2 wk after tamoxifen induction of K5.CreER T2 > p63 fl/fl ;R26R(TdT) HBCs; a follow-up BrdU pulse was administered 2 h before the animal was killed to label rapidly cycling cells (Fig. 5 A, a) ; PGP9.5 labeling was used to identify immature and mature neurons. By operational definition, GBC Q s remained EdU + /BrdU − , whereas GBC MPP s and GBC TA s were double-labeled (EdU + /BrdU + ). Finally, the descendants of GBC INP s could be identified as EdU + /PGP9.5 + (Fig. 5 A, b) . We used the above labeling scheme to compare the various categories of GBCs in the GBC population derived from TdTomato + HBCs vs. the population derived from TdTomato − GBCs (which did not differentiate from HBCs activated by excision of p63) within the same fields of view. The experiment was performed in four different animals, and 8-12 nonconsecutive sections were analyzed per animal. We found that the majority of both the TdTomato − and TdTomato + (i.e., HBCderived) GBCs were GBC INP s (64% and 66% respectively); GBC Q s constituted 22% and 19%, respectively, and GBC TA/MPP s constituted 14% and 15%, respectively (Fig. 5 A, c and d) .
These slight differences in distribution were not statistically significant (P = 0.63, χ 2 = 0.92), indicating that activated HBCs give rise to GBCs that integrate into the normal OE and function as endogenous GBCs, some of which are persistent, quiescent progenitors.
We next analyzed the functional capacity of HBC-derived GBCs by harvesting and transplanting OE cells from K5.CreER T2 > p63 fl/fl ;R26R (TdTomato) mice 28 d after tamoxifen administration and HBC activation (Fig. 5 B, a) . At 14 d after transplantation (42 d after activation), there were numerous TdTomato + colonies including neurons, Sus cells, and GBCs, but, as expected, there were no HBCs (Fig. 5 B, b) . The p63 fl/flderived clusters also were significantly more complex than the clusters derived from WT HBCs described earlier, with 17 of 71 (24%) clusters containing cells of more than one type, compared with three of 52 (5.5%) (P < 0.05, χ 2 with Yates' correction) (Fig.  5 B, c) . The persistence of HBC-derived GBCs indicates that at least some GBCs generated in this manner remain multipotent, continue to cycle after the loss of p63, and do not progress into GBCs with more limited differentiative capacity and/or differentiate terminally into neurons. Thus, HBC-derived GBCs apparently persist as stem cells capable of engraftment and multipotency over the relatively long term. Finally, we investigated the long-term persistence of HBCderived, functional GBC stem cells in situ and their ability to contribute to neurogenesis in a neuron-specific model of injury and repair. In this model we performed a unilateral olfactory bulbectomy (OBX) by surgically removing the olfactory bulb, which is the postsynaptic target for the OSNs (Fig. 5 C, a) . It is known that the neurons depend on the presence of the olfactory bulb for trophic support, and hence the lifespan of all OSNs born after OBX is truncated at about 2 wk or less (34) . The continuous loss of neurons is accompanied by a significant increase in GBC division and neuronal production, without significant concomitant HBC activation (7, (34) (35) (36) . To assess whether HBC-derived GBCs are able to contribute to such ongoing neurogenesis alongside endogenous GBCs, we administered tamoxifen to K5.CreER T2 > p63 fl/fl ;R26R (TdTomato) mice 2 wk after OBX, a time point after the initial wave of neuronal death. The animals were left to recover for 6 mo before analysis; as a consequence, all TdTomato + neurons on the lesioned side must have been born 5 mo or more after GBC differentiated from genetically activated HBCs. In these animals both the lesioned and unlesioned sides contain abundant TdTomato + GBCs and neurons, as well as microvillar and Sus supporting cells (Fig. 5 C, b-f) . Thus, GBCs derived from activated HBCs persist for an extended time despite the significantly enhanced demand for neurogenesis when neuronal lifespan is cut short. Of note, on the unlesioned side the TdTomato + sensory neurons are capable of maturing into olfactory marker protein-positive (OMP + ) cells, which innervate glomeruli of the olfactory bulb (Fig. 5 C, f) , indicating that the HBC-derived GBCs not only are multipotent and persistent but also contribute to the maintenance of tissue and generate mature OSNs that reach their postsynaptic target.
Discussion
Our findings illustrate the contextual requirements for the activation vs. a return to quiescence of a population of reserve stem cells in the intact and regenerating OE. We have shown that activation of HBCs can be tested efficiently by transplantation into lesioned hosts. Using this approach, we were able to demonstrate that HBC activation correlates with p63 down-regulation and anticipates enhanced mitotic cycling. Down-regulation of p63 is necessary and sufficient for the activation of dormant HBCs. However, HBC activation does not necessarily lead to a global loss of stem cell capacity, because GBCs derived from HBCs are functionally similar to endogenous GBCs, retain engraftment and multipotency potential, and remain capable of ongoing neurogenesis for 5 mo or more even in the face of accelerated production of OSNs postbulbectomy. Taken together, the data indicate that p63 is a master regulator of the reserve status and dormancy of HBCs but is not responsible for stemness in the OE, per se.
The Role of p63 in the Maintenance and Repair of the OE. Understanding the role of p63 in stem cell regulation has been complicated by conflicting data from various stem cell systems and conditions. For example, in the thymus, p63 is necessary to maintain the proliferative capacity of the stem cell population (37) . On the other hand, in HaCaT cells (a keratinocyte-derived cell line) p63 promotes quiescence by repressing transcription of a number of positive cell-cycle regulators such as cyclin B2, cdc2, and topoisomerase II and activating transcription of the negative cell-cycle regulator p57 kip2 (38, 39) . These data underscore the context-dependency of p63 function.
Our study in the OE defines the contexts in which p63 is associated with cell proliferation vs. quiescence in this tissue. The data presented here uncouple the p63-dependent process of functional activation from the proliferation of activated cells and fit with previous data in which HBC proliferation is elicited apparently independent of activation (40, 41) and other results demonstrating the proliferation of K5/K14 + basal cells in respiratory epithelium (42) . Our finding that retroviral-driven expression of p63 attenuates clone size and maintains the low mitotic index of mature, p63 + HBCs suggests that p63 exerts a net inhibitory effect on the proliferation of these reserve stem cells. Nevertheless, this net negative effect is not absolute, as demonstrated here by the finding that the p63 + cells actively cycle early in the regeneration of the lesioned OE.
The observation that p63 down-regulation and HBC activation occur only in response to severe and direct injury to the OE and do not happen with neuronal turnover alone strongly implicates exogenous, i.e., non-cell-autonomous, mechanisms in the governance of HBC activation. The enhancement of HBC activation by a halving of p63 gene dosage as demonstrated by analysis of the p63 fl/+ animals suggests that the overall balance of activating and homeostatic environmental influences and their respective signaling pathways likely serves to regulate p63 transcript and/or protein levels. A number of pathways known to be active in the OE, including Wnt, Notch, and EGF, have been shown to affect p63 expression levels in other tissues (21, (43) (44) (45) . Moreover, the environment at the time of activation can direct different outcomes, because very severe injury to the OE, worse than the damage occasioned by MeBr exposure here, causes spared HBCs to give rise to metaplastic respiratory epithelium rather than regenerating GBCs and restoring the OE (46) . Further elucidation of the role of activating and quiescence-maintaining pathways and more detailed analysis of HBC expression profiles with and without epithelial injury will be necessary to use these cells in regenerative applications.
General Implications for the Dynamics of Stem Cell Transitions. The existence of multiple functional classes of stem cells, whose respective contributions to epithelial homeostasis and regeneration are contextualized by epithelial status, is not unique to the OE. Such heterogeneity has been identified in diverse tissues including intestine, skin, the hematopoietic system, and the CNS (8, (47) (48) (49) . In these tissues, injury above and beyond the normal cellular turnover also serves to activate the reserve stem cells. For example, in the context of the irradiated small intestine, Bmi-1 + reserve cells in the +4 position of the crypts can regenerate entire villi, including the active Lgr5
+ stem cell population. However, in this and other cases it is not completely understood which cellautonomous and nonautonomous mechanisms maintain the reserve phenotype or activate reserve stem cells (47) (48) (49) .
Here, we demonstrate that p63 is the central hub of a cellautonomous network that regulates HBC maintenance and activation, so that even partial down-regulation of p63, as seen in the p63 fl/+ cells, is sufficient to promote activation. The observation that HBC activation gives rise to long-term repopulating cells of the GBC type indicates that p63 serves to maintain a reserve phenotype rather than to regulate self-renewal of a stem cell phenotype, as has been suggested previously (28) . Interestingly, the role of p63 in the OE is distinct from its role in the epidermis, where p63 regulates and maintains active stem cells. Such differences likely reflect the context dependency of different cellular and molecular environments, as discussed above.
Finally, the notions that stem cell capacity is hardier and more distributed than previously suspected and that transitions between stem cell subtypes can be governed by targeting a single conserved molecule are promising for the future use of adult stem cells in regenerative medicine. Despite the inherent challenges of harnessing these molecular mechanisms, the OE provides an easily accessible source of neurocompetent stem cells, and future studies of the contexts upstream and downstream of p63 in the OE have the potential to move toward the development of cell-based regenerative therapies for neurodegenerative disease. infection, and immunohistochemistry were performed as previously described (6, 29, 37, 52) . Primary antibodies used, their dilutions, and detection methods are listed in Table S1 . Images were obtained on a Zeiss 510 confocal microscope or on a Nikon 800E epifluorescent microscope. Image analysis was performed using ImageJ. Image preparation and figure assembly were performed in Adobe Photoshop CS2. In all photographs, only balance, contrast, and evenness of the illumination were altered. For a full description of the experimental procedures and staining conditions used in this study, please see SI Materials and Methods.
